Red blood cell (RBC) transfusion is a common intervention in very preterm infants with variable utilisation between centres and individual clinicians. This variation likely reflects uncertainty about who, when and how much to transfuse. Most RBC transfusions are given in small volumes as "top-up" for anaemia or cumulative phlebotomy loss. Whilst the newly born infant may have a low haemoglobin (Hb) value, it is uncertain if this is of clinical or physiologic significance except at extreme values. Little attention has been given to the potentially favourable effect of RBC transfusion on oxygen kinetics, particularly in the interval after birth when the risk of hypoxic ischaemia is high. Later anaemia, at the time of likely Hb nadir, more typifies anaemia of prematurity. In this article, we will firstly review the conventional model of RBC transfusion based on haemoglobin [Hb] thresholds and secondly, we will propose an alternate, individualised, practice based on the oxygen physiology. This effectively reframes the potential role of RBC transfusion in the very preterm infant and demands a new generation of clinical trials.
Introduction
Red blood cell (RBC) transfusion remains a common intervention particularly in very preterm infants. Recent data from the Canadian Neonatal Network (CNN) indicates that over three quarters of infants born G1000 g receive at least one RBC transfusion during their initial hospitalisation [1] . RBC transfusion utilisation varies between centre and individuals around the world. This is most likely due to the fact that there is no universally accepted haemoglobin (Hb) transfusion threshold nor agreement on a working definition of anaemia of prematurity in the preterm infant [2] [3] [4] . This may explain the limited high-quality evidence available regarding the benefits and potential harms of RBC transfusion in this population [5] .
Since the clinical indication of transfusion in cases of anaemic shock is not disputed, most attention has focused on RBC transfusion for anaemia of prematurity. This condition is defined by significant anaemia in the con text of phlebo tom y b lood lo sses, lower erythropoietin (EPO) (hepatic versus renal) production and a limited bone marrow response [6] . It represents a pathologic extreme of physiologic anaemia in a high-risk population of preterm infants and is the commonest reason for transfusion in the nursery [7] . Outside of this indication, there is an emerging role for RBC transfusion following preterm birth as a result of its potential to favourably alter oxygen physiology thereby ameliorating hypoxic ischemic end organ (brain) injury [8] . In order to understand this possible indication, neonatal clinicians need to redefine the transfusion question in terms of oxygen physiology. In this article, we first review the conventional model of transfusion practice in the setting of anaemia of prematurity. We then propose an alternate model for RBC transfusion in the immediate neonatal period based on likely physiology. Such a frame shift will demand a new generation of clinical trials to test these hypotheses.
Anaemia of prematurity
Anaemia of prematurity is usually defined by a combination of non-specific clinical symptoms with anaemia determined by either haemoglobin concentration [Hb] and/or haematocrit [9, 10] . A decline in circulating RBCs is observed in all newborns after the first 24 h of age. In the preterm newborn, this fall is exaggerated and more rapid, to a nadir at 4-6 weeks of age [7] . However, there is no evidence in human preterm infants of a [Hb] or haematocrit threshold that results in inadequate tissue oxygenation or critical anaemia hypoxaemia. This has prompted a search for other potential biomarkers of transfusion requirement in the preterm infant [11] . Whilst some neonatal transfusion guidelines include a combination of absolute reticulocyte count in conjunction with [Hb] and/or haematocrit, there is little evidence to support this practice [11, 12] . Serum lactate has also been proposed [13, 14] but is of limited clinical use as plasma levels reflect both production and hepatic metabolism [15] . Most studies of possible transfusion biomarkers have compared responses before and after RBC transfusion. Yet without the use of a clear physiologic transfusion threshold, the clinical utility of this work is uncertain.
Strategies to minimise transfusion include avoiding anaemia by facilitating transfer of (fetal) blood from the placenta [16] , reducing iatrogenic blood loss from phlebotomy and transfusing allogeneic (adult) RBCs. Enteral iron supplementation is also important and may change later haematologic measures of iron status but not early transfusion practice in preterm infants [17] . The use of exogenous EPO has also been considered; however, recently updated Cochrane reviews do not support its routine use, either early [18] or late [19] in the neonatal course. These reviews demonstrate no reduction in mortality rates and/or significant morbidities following EPO exposure, though it does result in a small reduction in the number of RBC transfusions. The problem is it may increase the risk of retinopathy. Darbepoetin, a synthetic form of EPO, may also have neuroprotective effects [20] though this requires further study [18] .
Conventional model of transfusion practice in preterm infants
The conventional model of RBC transfusion includes a transfusion algorithm based on either [Hb] or haematocrit, modified by chronologic age and need for respiratory support [3, 4, 6] . This model of transfusion practice has been studied in randomised trials in preterm infants. Two trials [3, 4] dominate the transfusion landscape in preterm infants and are the foundation of current neonatal transfusion practice. Both are relatively small given the frequency of RBC transfusion in this high-risk population. The trials, described below, randomised infants to either a liberal or restrictive transfusion schedule based on [Hb] or haematocrit; however, the population and outcomes differed slightly. The Premature Infants in Need of Transfusion (PINT) trial [3] primarily measured a composite of mortality and clinical morbidities whereas the Iowa trial [4] measured transfusion exposure. The difference in primary outcome measurement is particularly important when these two trials are combined to determine the risk to benefit ratio of a liberal versus restrictive approach to transfusion.
The PINT trial randomised 451 newborns G48 h of age who were G31 weeks gestation and weighed G1000 g at birth [3] . The trial compared two different transfusion algorithms (liberal versus restrictive) both based on chronologic age and the need for respiratory support. The trial algorithms were based on clinical practices and Canadian expert recommendations [21] . The trial showed no difference in composite outcome of hospital mortality or survival without bronchopulmonary dysplasia (BPD), vision threatening retinopathy of prematurity (ROP) or brain injury on head ultrasound between the two groups. The liberal and restrictive transfusion arms had a [Hb] difference of 11 g/L from the end of the second week [22] . Fewer newborns in the restrictive arm received any RBC transfusion (89 versus 95 % restrictive versus liberal). There was no difference in [Hb] between allocated groups at hospital discharge though the liberal group had higher ferritin. At a two-year follow-up, there was a small, non-significant increase in the composite outcome of death or impairment (cerebral palsy, cognitive delay of 2SD below the mean (Bayley Scales of Infant Development), hearing loss or blindness) in the restrictive transfusion group (45.2 versus 38.5 % restrictive versus liberal OR 1.45, Confidence Interval (CI) 0.94, 2.21) [23] . A post hoc analysis of mild cognitive delay, defined as Mental Developmental Index less than or equal to 1SD below the mean, suggested a reduction favouring the liberal transfusion group.
The Iowa trial [4] randomised 100 newborns between 500 and 1300 g birth weight. Using locally chosen transfusion algorithms based on haematocrit thresholds that varied by the need for respiratory support, this trial reported a difference in the primary outcome of number of transfusions favouring fewer transfusions in the restrictive group. However, secondary outcomes of inhospital survival, ROP, BPD, time in supplemental oxygen or growth were not different. More infants in the restrictive group developed brain injury on head ultrasound though only half of the study cohort had a late 42-day scan (n=52) [4] . A later brain MRI follow-up study of trial participants versus control infants suffered from marked attrition bias [24] .
Current RCT-based recommendations
A Cochrane Review pooled available studies to recommended [Hb] thresholds for transfusion in the preterm neonate [25] . Although this review concluded that there was no clear benefit to the use of liberal versus restrictive [Hb] thresholds in very low birth weight neonates, the number of studies with longer term follow-up data was limited.
The risk versus benefit approach can be interpreted to derive two different hypotheses based on the same information. It may be argued that a restrictive transfusion practice is preferable, as more very preterm infants avoid transfusion without a worse outcome [26] . An alternate interpretation may be that a liberal transfusion practice is better for the possibility of a post hoc advantage in cognition [23] . Additional large trials using similar methodology are currently recruiting [27, 28] . These studies, in combination with the two aforementioned trials may resolve some of the uncertainty particularly about the effect of transfusion thresholds on longer-term neurodevelopmental outcome.
Transfusion safety
There is uncertainty about the risks of RBC transfusion in very preterm newborns. Several uniquely neonatal adverse associations have been demonstrated in epidemiological studies [29] . These include death [30] , necrotising enterocolitis (NEC) [26, 31] , intraventricular haemorrhage (IVH) [32, 33] , retinopathy of prematurity (ROP) [34] and chronic lung disease (CLD) [35] . It is important to note however, that these observational studies using case control or retrospective cohort methodology report risk ratios for NEC following exposure to RBC transfusion that far exceed those demonstrated in randomised trials. Given the substantial differences in reported rates of outcomes between randomised and observational studies, large-scale, multi-centre collaborations are required to confirm or refute these possible relationships [36] using standardised definitions of transfusion adverse events.
Can oxygen physiology rationalise early transfusion in preterm infants?
Conventional RBC transfusion practice using defined [Hb] thresholds is easy to understand and apply to clinical situations. However, this practice may oversimplify oxygen physiology as Hb is a continuous variable. It is unlikely that there is a single [Hb] threshold that results in anaemic hypoxia in any two infants at any particular time, as each will have different oxygen delivery and consumption conditions. In order to demonstrate this, we describe two hypothetical scenarios (Table 1) Adult allogeneic RBC transfusion improves oxygen carrying capacity by increasing [Hb] , which alters cardiac preload, and in addition results in a rightward shift in the haemoglobin-oxygen dissociation curve. These effects all favour improved systemic oxygen delivery to the end organs. However, if the primary reason for RBC transfusion is to improve oxygenation, then other variables of oxygen physiology apart from Hb alone must be considered. These other variables are primarily oxygen saturation, cardiac output and oxygen consumption. In simple terms, an optimal [Hb] could be derived from oxygen physiology. This [Hb] might then be used as the transfusion threshold.
Oxygen kinetics is a broad term used to describe the relationship between oxygen delivery, extraction and consumption. At rest, there is an excess of delivery over consumption. As oxygen delivery falls, oxygen extraction, that is the proportion of oxygen unloaded from haemoglobin, increases to maintain consumption. A further decline in oxygen delivery, below a critical threshold, results in an anaerobic debt and accumulation of lactate.
It was Barcroft who originally defined the key determinants of oxygen delivery, namely blood flow, [Hb] and Hb-oxygen saturation. From this, he postulated three hypoxaemic states: stagnant hypoxia (poor blood flow), anaemic hypoxia (low [Hb] ) and hypoxic hypoxia (low oxygen tension) [37] . Of all the determinants of optimal oxygen delivery, blood flow is the most critical [38, 39] . For this reason, attention has focused on improving systemic perfusion in very preterm infants, particularly in the setting of low systemic blood flow [40] . Unfortunately, these strategies have not reduced significant morbidities following preterm birth [41] . This may be the result of a narrow focus on a single element of oxygen physiology in this population.
RBC transfusion and oxygen extraction
Oxygen consumption is variable in preterm infants [42] with studies showing that body temperature and pulmonary work of breathing [43] alter systemic oxygen consumption. More recently, near-infrared spectroscopy (NIRS) has been combined with reversed Fick techniques [44] to determine tissue oxygen delivery, consumption and fractional tissue oxygen extraction (FTOE) [45] . Studies show that both cerebral and peripheral FTOE are elevated in infants with symptomatic anaemia [46] and fall following RBC transfusion [47, 48] . This observation has led some to propose that FTOE be used as a trigger for transfusion [49] . To date, however, studies have principally focused on later anaemia thus ignoring the potential early benefit.
Whilst oxygen consumption determines FTOE, it is the adequacy of oxygen delivery that defines clinical success or failure [42] . Adequate oxygen delivery results in relatively normoxic tissue conditions, whereas suboptimal oxygen delivery leads to hypoxia and possible hypoxic ischaemic (brain) injury. Failed compensation may result from either inadequate oxygen delivery or elevated oxygen consumption or a mixture of both. If this is identified in a timely manner, RBC transfusion might favourably alter the relationship between oxygen delivery and consumption, thereby reducing the risk of relative cerebral anaemic hypoxia.
How should we reframe the transfusion debate in preterm infants?
There are two broad transfusion situations in preterm newborns with quite different oxygen physiology. The first relates to avoiding early anaemic hypoxia in the first days of life. This is typically the time of early lung disease, low systemic blood flow [40] and a haemodynamically significant patent ductus arteriosis. The second relates to correction of anaemia in a convalescent preterm newborn with variable reticulocytosis and chronic pulmonary lung disease requiring supplemental oxygen. We suggest that it is this later anaemia that is more characteristic of anaemia of prematurity.
How can anaemic hypoxia immediately after birth be avoided?
Two potential approaches can be navigated with one based on predicted physiology and the second alternate strategy determined by the actual physiology. Neither is proven, and both require pragmatic randomised trials before implementation. (i) An approach using predicted physiology In this approach, the quantity of oxygen carried in the blood stream is calculated from the measurement of both [Hb] and Hb-oxygen saturation and used as a transfusion threshold. Arterial oxygen content (CaO 2 ) is calculated from [Hb] and Hb-oxygen saturation according to the equation Oxygen consumption literature in premature infants is difficult to interpret because of the use of varying methodologies. Whereas indirect calorimetry measures total body oxygen consumption, reverse Fick techniques exclude pulmonary oxygen consumption leading to a systematic bias in results [44] . We therefore measured cerebral oxygen consumption using the reverse Fick techniques in a population of 50 consecutive, very preterm newborns less than 30 weeks gestational age who did not have a brain injury on cranial ultrasound. Internal carotid blood flow (measured by Doppler) was used as a surrogate for cerebral blood flow. Arterial (measured by co-oximetry) and venous oxygen content (measured by NIRS) allowed calculation of the arteriovenous AV content difference. In our cohort, oxygen consumption increased from mean (SD) 4.3 (2.5) mL/kg/min in the first 24 h, to 4.7 (2.6) mL/kg/min and 5.4 (3.6) mL/kg/min by 48 and 72 h, respectively [50] .
If we used a desirable cerebral oxygen consumption target of 2 standard deviations greater than the mean, 95 % of our cohort would have avoided critical brain hypoxaemia. We have used this definition to derive an oxygen consumption target of 9.8 mL/kg/min in the first 24 h of life. A CaO 2 threshold level of 18 mL O 2 /dL would provide enough oxygen to meet this a priori oxygen consumption target value. This would permit cerebral normoxic conditions even in the presence of low systemic blood flow (right ventricular output approximately 150 mL/kg/min). This CaO 2 value corresponds to a [Hb] of approximately 152 g/L, assuming that desired SpO 2 is 85 % or 136 g/L if SpO 2 is 95 %. Clearly, the target could be altered further with expected improvement in systemic blood flow.
(ii) An approach using actual physiology In this approach, contemporaneous measurement of either oxygen extraction or a surrogate for tissue oxygen saturation could be used to target RBC transfusion in very preterm newborns. This would be particularly useful in the transitional interval after birth when oxygen physiology changes rapidly and the risk of acquired brain injury is the highest [51, 52] . We, and others, have demonstrated that injury during this time is typically characterised by elevated cerebral FTOE [50, 53] .
Before applying this approach, we require an understanding of the measured outcome and normal ranges in very preterm newborns. Firstly, oxygen extraction and tissue oxygenation index (TOI) are not interchangeable. Oxygen extraction is the proportion of oxygen unloaded from haemoglobin following blood passage through the tissues. Mathematically, it is a ratio of arterial and venous oxygen content. In contrast with TOI, extraction incorporates arterial oxygen saturation thereby changing slightly with different oxygen saturation targets (85-89 % versus 91-95 % for example). Tissue oxygenation index is used in the oxygen extraction calculation. Often, it is measured by NIRS and used as a surrogate for venous oxygen saturation. However, it is not the same. The technology used by NIRS is similar to that used for oximetry, except that NIRS measures oxygenated Hb in the tissue whereas oximetry measures oxygenated Hb in the pulsatile blood vessel. As such, the TOI may vary as a result of changes in the venous: arterial blood compartment ratio in the measured tissue. This might occur, for example, with low systemic blood flow or with change in position. Reference ranges in term, near term and preterm newborns have been described by a number of researchers [54, 55] . Hyttel-Sorensen and colleagues developed a treatment algorithm (SafeBoosC), based on cerebral tissue oxygen saturation, which was then applied in a randomised trial to show an improvement in stability of cerebral oxygenation [56] . This group defined the normal range for cerebral oxygen saturation as 55-85 % based on the 95% CI in 493 infants G32 weeks in the first 3 days of life.
Transfusion with allogeneic adult RBCs can alter cardiac preload condition and oxygen-carrying capacity and lead to a rightward shift in the Hb-oxygen dissociation curve. All of these factors are advantageous to the preterm infant. In a non-randomised trial [57] , we found that allogeneic RBC transfusion favourably altered oxygen kinetics but only in very preterm infants with high extraction. Given that extraction is inversely related to oxygen delivery, it is plausible that newborns operating with low extraction had adequate oxygen delivery and for this reason, did not benefit from RBC transfusion. In the SafeBoosC phase II trial, transfusion was considered at tissue oxygen saturation levels of less than 55 %. This corresponds to an extraction value of 0.42 if SpO 2 is 95 % or 0.35 if SpO 2 is 85 %.
A randomised clinical trial based on contemporaneous physiology could be designed in a manner similar to that of Hyttel-Sorensen et al. with cerebral tissue oxygenation or oxygen extraction used as the trigger for RBC transfusion and with a control arm derived from a recent trial of conventional transfusion practice. The trial population should include preterm newborns at risk of the consequences of either inadequate and/or excessive oxygen exposure.
We recognise that a physiologic strategy for targeting oxygen delivery in premature infants has potential pitfalls. The most appropriate oxygen consumption target in very premature infants is not precisely known, and, like many measurements, there is significant variation or biological noise. The use of arterial oxygen content requires both invasive arterial access and consideration of oxygen saturation stability at the time of measurement. Cerebral oxygen kinetics might reflect the dynamic physiology for each newborn; however, this requires NIRS technology, which at present, is expensive, cumbersome, involves considerable training and is subject to inter-rater differences.
Later transfusion in the context of anaemia
The required transfusion threshold in a growing, convalescent preterm newborn is hard to precisely quantify. The Hb nadir may be apparent from reticulocytosis. In addition, the infant may have rapid somatic growth and chronic pulmonary lung disease requiring supplemental oxygen with altered Hb-oxygen affinity in keeping with advancing maturity. The transfusion threshold in this group of preterm infants is best determined in a conventional transfusion paradigm. The lowest studied [Hb] threshold in all randomised transfusion trials in preterm infants is similar, being between 70 and 75 g/L. Until there is further evidence, this likely represents the current best approach to the treatment of later anaemia in very preterm infants.
Conclusion
Red blood cell transfusion is a common intervention in very preterm infants with variability in decisions amongst clinicians about who, when and how much to transfuse. Anaemia of prematurity is an umbrella term used to describe the transfusion practice in preterm neonates. The approach to transfusion in the first days of life requires a new paradigm with a transfusion trigger based on optimisation of oxygen kinetics. Later anaemia, at the time of Hb nadir, might be best guided by [Hb] transfusion thresholds based on previous and contemporaneous clinical trials. In future research, we should separate these two transfusion situations to identify the best model of transfusion practice for preterm neonates.
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